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NATTIOHAL ADVISORY COMMITTIE FOR ARTRONAUTICS |

ADVANCE PESTRICTED REPCRT

NITRIDED-STFEL PISTON RINGS FOR ENGINES OF HIGE SPECIFIC POWIR .

By Jehn E. Collins, Jr., Edmond E. Bisson,
anl Ralph F, Ccimiedlin

SUMMARY ol

Several designs of nitrided-steel piston rings were performance- j
tosted under varlable conditiona of culput. Tle necessity of good
swrfnce finish and conformity of tie ring to the bore wvas indicated ¢
in the first testes. lNitrided-steel ringo of tho same dimensions as ¢
capgt-iron rir ;s operating on the original piston were not satisfac-
tory. The fincl design was a lighter, rectangular, thin face-width i
ring used on a piston having e maximm cross-head area and the proper ] s
skirt ehape., Results were obtained from tests of single-cylinder .' .
and multicylinder engines, 11 ! i

The thin, nitrided-ateel rings were performence-tested in
both nitrided and porous clircmiwi-plated cylinder barrels with
good results. The nitrided-cteel cylirdern were stocik production
items and the porous chromium-plated cylinders wore worn cylinders 1
that had been recleimed ty platirg back to sizo. The use of
nitrided-steel rings in chromiumeplated crlinders offers attiac-
tive posaibilities that require further investigation.

Cood performance characteristics of ring and cylinder barrel 4
wore ottained, Tosts under dust conditions indicated that tle
nitrided-nptoel rings maintained acceptanle oll control from three
to four timos longer than the stock cast-iron rings. Lubricating=-
oil cornsumptilion was somowhat higlier with nitrided-steel rings.
than that uwsually encountered with the original cast-iron ring as-
somily whon the cast-iron rings are in the best condition of run-in,

The Yuvbricating-oil consumption with nitrided-steel rings tended to
improve with cperating time, wheroas the oppoaite trend was eoxhib- E 1

e

ited ty cast-iron rings. o

Dust tests, in particular, should be made on tho combination i
of thin nitrided-steel rings and chromium-plated cylinders, Ex- :
tensive flight tests of the rectangular nitrided-steel piston B
rings are rocormended.,

Bt st QL™
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INTRODUCTION

For meny years tho NACA has been conducting tesis of aircrafte
engine cylinders at specific power oulputs in excoss of thoir maxi-
mun ratinge, The first engine parts to fail as the spocific power
is increased are the piston rings; the failure manifests itaeclf by
genoral increasos in specific oil consumption, in rapid ring wear,
in bdlow=by, and ir subssquent loss in power,

Veriatles that considerably affect piston-ring and cylinder-
barrel wear are: dust; lubrication, both quantity and quality;
breke mean effective pressuro; engine speed; and operating tem=
peratures. Both bench tests and enginec tosts were mado on a
verioty of piston-ring materiale and ring designa, Some of the
materials and ring designs were oliminnted by the bench tests.
The others wore tested in single-cylindor engines, The choice
of the procedure for the enginc-ring teast covered by this report
was chosen with a view to picking teat conditions that would give
the required results in the min‘mum time, The final combination
of nitrided-steel rinzs in both nitrided-steel and chromiwm-plated
cylindor barrels was performanco-tostod under a wido varietly of
operating corditions in both single-cylinder and multicylinder
engines.

Theo thin, nitrided-stoel ringe used in those teats were
menufactured by and tosted in cooperation with ths Borg-Warner
Corporation, Spring Diviasion, Bellwood, Ill.

The nitrided-stecl piston rings wore poerformance-tosted in
single-cylinder engines at Langley Memorial Aoronautical Labora-
tory from 1939 through 1942. At the recommcndation of the
National Advisory Commitice for Aeronautics, multicylinder and
single~-cylinder engzinos were tested by the Bureau of Asronautlcs,
avy Department, at the Acronautical Engine Lavoratory of the
Naval Alrcraft Factory in Philadolphia end by tho Army Alr Forces,
Materiel Command, at Wright Field,

DEFINITICHS

Piston-ring torma to Ve usoed in this roport are defined as
follcws:

face = The pert of the piston ring that is adjacent to, or in
direct contact with, tle cylinder wall,

face width « The width of tho ring face,
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side - The part of the ring that contacts the piston grooves.

ring assembly - Tho entire group of rings used on any individual
pistor, regardless of ring type, matorlal, or position with
respect to tho plston pin.

radlal depth « The radial dimension from the center of the face
to tho center of the btack of the rirg.

diametral tension - The force in pounds, which is applied along
a radivo 90° from the gap, required to close the ring to its
ncminal diameter, Ring tonaion as used and measured in this
1avestigation 1s purely an arbitrary measurement of tho char-
acteristice of a pilston ring.

unit well pressure - Tho force exerted by tlie platone-ring face
arainst tho crlinder wall, pounds por squera inck., Thie unit
pressure is obtained b vso of the following oquationt from
roferenco 1:

< 0.76T

"

P
vhere
be] unit pressure, pounds per square -nch
T dlsmetral tension, pouvnds ]
D ring diameter, inches
W face width, inchoas
The wnit wall pressure as defincd in this report is only an ap-

proximate average value inasmuch: ap true unit rressures can be
determined only by ouch an inetrument as a rciial-pressurs gage.

1pn analysis made subsequont to the originnl publicetion of this
paper lidicatos that the constant 0,76 eprlies to measvremento
made with the ring compressed to the corract gap. The analysis
showed thnt a value of 0,88 should be ured if measurcments are
nade with the ring compreesed to the proper diamoter, sa waa done
in tlie testo repcrted., Correcticn of tio data reported is felt
to be unwairraniod, however, since tlLo valuos obtailned were used
orly for qualitativo comparison.

e —

P
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AFPARATUS AND TEST FROCEDURE
Tamparature Tests

Ti:e hoater mhiown in figure 1 wae denignod and built to check
the effect of temperature on siress rellef, tress relief may ve
defired as tho loss in toreilon of a ring at elovated temperatures.
Two piston rings with two thermocouples leading from each ring can
be simultaneouely temted in this heater, Rings were placed in the
heater, which comp-esped them to their nominal dlameter. They were
heatod to the predetermined terperature and held at this temperatwro
for 10 minutes, aftor which they were removed Irom the hoater and
cooled in stiil air. Tho diametral tension of tho ringa was deter-
nined tefere and after each Leat period. The tenslon of the rings
was deteruined by applying a forco at 90° to the gap until the ring
was coupreseed to its nominnl diameter, This application of force
weg accomplisihed ty placing a balance under a pross, the epindle of
which wes accuralely eet, in erder that it ceuld bo moved only the
proper distanco. Practically all of the camuercially available
ring materiale, such as alloy cnat iron, Ligh-speed steel,and ssv-
oral kinds of nitrided etcel, were included in those temperature
tests.

Tre obJect of those ghert teste was to eliminnte quickly tho
nmatorinls that had the lsaet chance of proving satisfactory for
ringe interded o operate at high power ecutpute, In the determina-
tlon of the offect of prolonged Leating at elevated temperatures,
rings were coupressed to their ncminal diamoter by installing them
in a section of a cylinder of tlie proper size, This apgerdly ras
tren placed in a hoat-treating oven that had boen heated to the
prodetermired tenperature, An unconfired ring was alse placcd in
the fwnaco., At the oxpiration of the heating pericd (1L hr in one
test, 6 to 3 Lr in another test), the cylinder wae removed from
the oven ard the rings etill confined in tho cylinder were allowed
te cool. The nconfined ring was removed at tho pame timo 2nd al-
lowed to cool in tho unconfined cendition. Diametral tenslion was
detormined bofore and afiver oach heating period., In theoee tests
ths pano rings were toeted over a vange from room temperature to
1100° F er uatil tho ring collapeed,

Singlo-Cylinder-Engine Tests

The followlrg gingleo-cylinder teste-ongino setups were used
in tha NACA tests:

. iy

A
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Cylirdor Crankcass

NACA ccmpurss- |NACA
sion ignition; |universal
displacer pis-|test

ton dssign ongine

Wright CSGC NACA ] Stan-
univernal 3 dard
test
ongine

Wright CoGC | wrighs by &1 Stan-{ 1160 | 125 |Carbu-
R-1320-73 8 dard | to to |rotor
2500 | 288

Wright €96C  |Mh-ight 6X vy 6.1 6.7 {Stan-| 2200 | 236 {Carbu-
R-1£20-45 | & 8 dard retor

lRevalancod for single-cylindsr operation. (See fig. 2 for a typi-
cal sotup.)

Cozbustion-air flow te the snginca wes moaguroed by a sharp-
odge, thin-plate orifice assembled according to A,5.M,E. standarde.
Power was ebsorbed and mcasured by a cradle-type elestric 4dynamonoto
in all single-cylinder-ongine tests.

A1l cylindors except that of the coupression-ignition ongine
were alir-coolsd. The compression-ignition-engine cylinder was
cooled with water at atmoapheric pressure, Cooling air was sup-
plied by separately driven blowers and flow was variod to produce
the desirsd cylinder-head and cylinder-barrcl tsmporatures, TLose
tempsratures wore meagured by 13 iron-constuntan thormocouples
digtributed over heud and barrel,

High-power ondurenco tents wore run undor spood, lubricationm,
and temperature conditions conducive to ring failure through scuf-
fing, scoring, anl fsathoring.

Blcw=-by was measgi're? b o positive-displacemont gas motor con-
nscted to tho craukcase-brsathior sysiem (fig. 3). As indicated in
tho diagrammatic sketch, blew-by is pip.d through a large surge tank
with a flexitle kead, which is installod to damp out prossure fluce
tuations. By uso of this surge tank, thio effoct cf variable speed
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on tho meter calibration beccmes negligidle. As is the case in all
oil-gsystem installations utilizing a dry swmp and a large-capacity
oil-scavenge puxp, some of the blow-by gases are pumped into the
oll-gtorage tank., This condiition is taken care of by using a
gsealed storage tark and by returning this blow=by to the crankcase;
thereby all blow=-by will eventually paes through the meter,

The crankcaee presswro wms arbitrarily set at 1/2 inch of
water below atmospheric pressurs (to permit leakage corrections
to be made) and was maintained at thie value throughout a campleto
run by means of the throttle valve K in figure'3. A leakage-
calitration curve was taken at variable epeeds for the crankcace
pressure est at 1/2 inch of water below atmospheric pressure, In
this calibration, tlie engine wns motored without compression in
order that no gne would leak by the rings. Leakage loeses in all
teets wore found to be negligible, Calibration of the leakage was
repeated from time to tinme as a check on the efficiency of the
sealing of crankcaee and blow=b; system.

Rirg vear was measured by cleecning and weighing the rings
before and after each test, Specific oil conewnption wae mecasurad
in the single-cylinder-engine tests by the volume method corrected
for temperature. The ingtallation of special fittings and a sepa-
rate scavenging pump pormitied the mecsurement of the power-section
oil flow for the ainglc~cylinder test engina uaing the Wright
R-1£220-73 crarkcaae,

Measurement of surface quality was made by reasuring surface
roughness of the nitrided swfacce of cylinder and rings. Surface
roughness wvas measured witl & Brush eurtace analyzer and a Profiloe
moter; porosity of tis chiromlum-pinted surfaces was measired by a
replica mothod developed by the NACA, In this method, a replica
of the swface is taken with o plaetic such as stripping laecquer or
celluloid and this replica is photographed at a megnification of
100. It has been fownd by experiment that o good correlation is
obtained betweon the porosit; as measuvred by the replica method
and the porosity obtaoined by the method of photamicrography of the
sample itself, Fercentage porosity is defined as the percentage
of pits per unit area in a photomicrograph of the surface, The
pitted aren on the photonicrograpis was determined by the method
of counting squares and the percentage porosity, based on the
nominal eurface area, was thus obtained,

The single-cylinder-engine tests porformed by the Bureau of
Aeronautics at the Naval Alrcraft Factory were conduoted on a
Wright C9GC cylinder to determine the effect of dust on ring wear

T
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and on oil control, These dust tests were performed at an engine
! : sreed of 2000 rpm, a braks moan effective pressure of 160 pounds
! por equare inch, a carburotor-air temperature of 100° F, an oil-in
' h temperature of 185° F, and a gpecific fuel cons.mption of 0.70
pound per brake Lorecpower-hour. At these test conditions, a dust
cycle wog run corsisting in tiio indection of 2 gransm of dust into
the combustion air over a 10-minuts period every half hour for 3 i
lioura; an oil-consumption check run was also made without dust for
4 houze,

=

1 The duat vsed in tliese tests was made from a ratural Arigora
} dvet, the analysie of whick is given in tlie following table:

TR
ANAYISIS OF TEST DUST ¥
[}
8Particles in sample | Chomical | Compounds d
come= in gample
Size ! Percentage | position | (percesnt)  afin
(microns),
0-5 39 22 Tgrition
5-10 18 33 lozss | 2.68 1
10-20 | 1645 |Fep03 4,58 w4
20-40 | 18 43 | Alg0x 15,98 :
Over 40 | 9 %3 Ca0 2.91
i M0 Ak
! ) 4,61
| 810, 60,47

2100 percent of test dust passes through a 200-mesh scroen,

Multicylinder-Engine Tests

b The multicylinder-engine tesie performed by the Burcau of Aero-

t & 1 nauvtics at tlhe FNaval Alrcraft Factory were on a Wright R-1820-40 [ |
= engine with C2GC cylinders mounted on a test stand and lcaded with

75 a propeller. Cocling-air flow wao veried to obtaln the desired

cylinder temperaturcs, Specific oil coneunmption was measured by

the welght mothod using a balanced weighing tank,

18]

A < Ty

The following teats were performed:

A o ll

1, Continuous operation at take-off power, 1200 brake horss- Fl
power, at an engine speed of 2500 rpm 1
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2, A type *est mado according to Army-liavy Specification
AlN-9502b

3. Duat teasts at an engins speed of 2000 rpm, a brake mean
effective pressure of 160 founfe per square inch, a
trake Lorgspower of 740, and an oll-in temperature
of 130° ¥ J

In the dust teste, the plsten rings were rvn in after which a
l-howr endurance run without dust was rade as an oil-consumption
check under test conditione of i1ten 3, Dust waas i1r-Jjocted at the

rate of 18 grams over a 1l0-minuto period every 1/2 hour for 1-2- hours.

Thio inJection wee followed by 4—2]= hours of endurance without duet
injection. Oil-weight readings were obtajned every 15 minutes.
Ficwre 4 ehows the dusteinlection equipment, Tle dust uced was
ldentical with tiat used in the single-cylinder-engine dust testa.

Multicylinder-engire tecto made by the Army Air Forces at
Wright Fleld wero in the form of ecrvice tests on enginss installed
on an airplane operating from duoty air fields. Theee testo were
acczlernted by operaticn of the engines at teke-off powar for
longer periode of time then usual, Total oporating time at camplce-
tion of the tests wae 143 hovre incluvding 197 tako-offes,

RESULTS AND DISCUSSICH
Temperature Tcets

Tre analysis made of ring matericls indicated that cast-iron
ringo 4id not have the desired phyeical characteristico under condi-
tions of Ligh operating temperaturee. This indication is best shown
by tihe results of tho temperature teats,

Renulis of these teote on a variety cf pistone-ring matoriacls
aro shiown in figurea 5, 5, and 7. A study of the curves shows that
tho nitridcd-steel rings are more satisfaciory on the basis of roe-
sistance to olreea relief tlLan the ringe of other matericle teated
at clevated temperatures. Loos of strength was perticularly notice-
able in the aigii-spoed asteel :ings end resulted in near or complete
ccllapse at the elevated temperctures,

The cast-ircn rings showed & sharp break in the tension curve
atove 700° F (fig. 5) for the l0-minute heating period. Ths &- to
8<hour and the l-hour heating-poriod tosts (figs. € and 7) showed
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that the loss in tenmion, ecxpressed as a percentage of the original
tension, was appreciably less with nitrided steel than with cast
iron., '"hig Gifference in tension loes would indicate that prolcnged
high.temperature opsration would have a greater adverse e{fect en
the cast iron than on the nitrided steel,

Single~Cylinder-Ergine Tosis

Compresgion-ignition-engline tests, - Bocauss the nitrided-steel
ringe siowed greatest resintunce to high temperatures, it was consid-
sred that thess rings would give tho beat service in an engine of
high output. The rings as obtained from the manufscture: were in-
stalled in a uged, nitrided-stoel cylinder liner tiat wvas in good
condition and, without an attempt to run the rings in, tho load on
the engine was glowly Increased. Ixcossive treather smoko immediate-
ly devsloped and the rings and the liner were inspocted., It was
fornd thet the edges of the rings had chipped and the smell particles
had scratched this nitrided-steel cylinder liner, the rings, and the
piston; the small particleos could be seen Iimbedded in ths aliminwz
piston at the end of the scratches, The sharp edges of a set of
rings wero removed by grinding witi a emall, hich-apsed emery wheel
and tho engine wag set up sgein afier the liner was rofinished, A
slightly grenter load was obtained beforo failure, and the parts
wore again inspscted, The scratchog resulting from the chipping
of the rings were much less, bLut a micrcacopic exanination of the
ring faces indicated numerous points whero "spot welding" between
the ring face and tle cylinder wall had Lakon place dwring the tost.

Now rings wore obtalned with a nitrided-steel case of only
0.015~inch doptl instead of the original case of 0,03C-inch depth,
The aharp edgos wers removed from a sot of the new rings and the
ringas wore piacod on a lapping Jlg thet wes made with ring grooves
of tho same dimensions as the piston-ring grooves. A strip of
steel 0,015 inch thick was lmbodded in the groove and perpendicular
to it to mako the ends of tio rings butt against tho atoel and to
provent the rings f1rom turnirng in the groove. The rings had pro-
viously been {itted to tho bore for this correct end gap., With the
uge of a 320-grit, sllicon-carbids valve-grinding compound, the
rings were lapped in a dwmy cylindor by hand witli a spiral motion
wntil thoy showed good contact ovor the entire face of the ring,
Tho grinding compound usod wus changed to a 400-grit, silicon-
carbide valve-grinding compound, and the lapping was continuod.
They were finlsh-lapped witl 5C0-grit aluminum oxide in the bore
in vhich they were Lo ve used. After tlec lapping operation, the
rings wore moasured and set up in the engine for testing. Again

g

9
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tre engine was slowly brought up to operating conditions and rmm
at an indicated mean effective pressure of 150 pounds per square
inch for 20 hours without a trace of breather emoke, At the end
of this test the rings were inspected and measured; no chipping
and very little wear were evident,

A new liner was then obtained with a swurface finish of less
than 3 microinches, rms, and a second set of rings of 0,015-inch
nitrided-steel case was prepared by grinding off all sharp corners,
The surface finish on the rings was poor, and they were therefore
lapped with S500-grit aluminum oxide in the cylinder that was to be
used, When the grinding marks had been removed, levigated alumina
was substituted for aluminum oxide and the rings and the liner were
lapped to a mirror finish, During the process there was no dimen-
sional change in either the rings or the liner,

The engine wvas assembled, warmed up under power, and gradually
brought up to an output of 240-pounds-per-square-inch indicated mean
offective pressure at an engine speed of 2000 rpm and a maximm cyl-
inder pressure of 1250 pounds per square inclh, The warm-up and the
gradual application of the load required approximately 30 minutes,
After 25 hours at thia output, the rings were inspected and measured
with a micrometer, and only a trace of wear was discernible.

The comprossion-ignition-engine tests indicated the necesaity
for smooth surface finishes on both ¢ylinder barrel and rings for
the combination of nitrided-steel rings and nitrided-steel cylin-
der, Under high-output conditions, the assembly of cylinder and
rings that had smooth initial surface finishes proved to be the
most successful with respect to wear and blow-by, The attaimment
of smooth finishes permitted the use of a short run-in time withe
out advorsely affecting engine performance and wear,

Prelininary epark-igmition-engine tests, - Nitrided-steel
rings (made to tihe same dimensions as the stock wedge-shaped com-
pression rings used in the Wright C9GC cylinder) and a nitrided-
steel barrel were obtained for the test, These rings had a con-
siderably better surface finish than the original rings. The cyl-
inder barrel was a gtock production item with a bore finish of 3
to S microinches, rms, The rings were installed in the engine cyl-
indor as roceived from the manufacturer, The engine was run in
for 1 hour and then operated 1 hour at a brake mean effective pres-
sure of 200 pounds per square inch and an ongine speed of 2200 rpm,
In spite of the improved surface finish of the cylinder, sevore
scuffing was oxperienced, Scuffing may bo dofined as an area
rupture of metal surfaces, Tho preparation of the surfaces and
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tho fitting of new rings to the bore were repeated as previously \
descrided for the last test of tiie compression~ignition-engine
sories and, after a run~in period of 1 hour, a test run of 25 hours
at a brake mean effective pressure of 200 pounds per square inch
and an engine syoed of 2200 rpm wvas completed, The surfaces wore
in good condition although thore was excessivo wear of the rings.

' Tempoerature tests on similar rings were made with the results shown

1 in figure 7 under Fitralloy G.

\ A second type of nitrided-ateel ring mado of Fitralloy I and =
] : shown in fipuro 8 was obtained for testing. Thia type will be referred ;i,,‘ -
\ to as the "thin" ring, Most of the early tests using thin rings were X
: corducted to dctermine the nacessary piston design for use with thin i
1] b | rings. %he progressive eteps in this part of the research are shown
} in tatle I. Must test ms were of l-liour duration at a brake mean
L8 effective pressure of 204 nounda per equare inch because this period
: was conaldered sufficiently long to gat an 1dea as to the functioning
“‘1 of tho rings and the piston. It will be noted that the run-in period : y
% ¥ conaints of 1 our rather thzn the usual 5 to 10 hours required for 1 s
% . cast-iron rings. DS 4

[
After aome of the initilal probleas of piston design and ring f
asgenbly were solved, test runs for pericds of 25 hours and longer 3

were made to check further performance, These runs are listed as
tests 9, 10, and 11 of table I. Figurss 9 end 10 are photographs
§ of the piston and ring assembly after test 10 and are representative A
of the appearance of piston and rings after all three teate,

B,
{ b | The final piston deaign was mads from the results of the pre-
). i liminery tests. Figure 11 shows a photograph of the pisicn and
;_r_ " ring eguipmoment used in the piston investigation. Before acceptance
| i ant incorporetion in the final piston design, tho following features,
! } tased on the tests Just dincussed, were considered: C

1. Mazinum length of cross head es limited by allownble dimene
slons, This foature is ono of extreme importanco inasmuch aa length
of croes head influences ring perforumnce by effect on piston rocking.

2. Location of rings, The ring belt was located as far from |
et the piston crown as practicablo to protect tho top ring froam the - -
i-" < "‘ high-temperature combustion gases,
.“_“ g A}
£ '* ‘;‘:.- 3, 8haps of piston, Piston shepo was carefully choson, from 3
PR - the results of the preliminary runs, to conform as nearly as pos-
ol

8lble to the cylinfer bore at operating temperatures. This shapo
. will irsure against possivility of pieton seizuro because of thermal
distortion.
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4. Lzoeation of oil-draln lioles., For maximum effect of oll
control, unrestricted passeges must be provided end advantacoe taksn
of the irsrtia effect of tle cil in the mattor of acavenging the
grooves,

5. Simplicity of ring asecmbly. The choice of the rumber of
rings ws uede to ob*ain the least nuaher of rings that would result
in officient operation, Two conprecsion and two oil rings, all
located above the pision pin, weire the final result. The rirga
woro of rectangular cross section bocause this simple shape wea
eanily rachined,

The final piston design is shown in figvre 12 and a new,
complete piston assembly is sliown: In figure 13,

In order to chock tiie final piloton ard ring design, a 150-hour
tipe teat in accordunce with Armyellavy Specification All-9502a wos
porformod, This teat vas & check on both piston and ring performance
under the wide range of test conditions specifioed by the type test.
General engine performance with respect to ring and cylinder wear,
tlow-by, and power was excollent., Lubricating-oil control (that is,
specific oil conmmption) was poor. Results are siiown in table II
and in figure 14, Tigures 15 and 16 show tho piston and ring as-
serbly after the type test.

The excollent ccrditicn of ring ard cylindor rubbing surfaces
irdicated that theso surfaces were ccmpatitle with each other, The
extremely low wear of rings os indicated from tho low wvoight loas
" was also an indication that very successful operaticn with this ring
agecxtly is possivle. As can be noted in table II, a maximum ring-
weight leas of approximately 0.6 percent was recorded in this 150-
hour typo test.

Resulta of tost on the stock casit-iron-ring assembly in a stock
nitrided-steel c;linder at a tGruke rmean offectlve prosaswre of 250
pownds por sguere inch are shiown in tatle III, test 1, and in figure
17, Test conditions with respect to spoed, output, oil temperuture,
and cylinder temporatures were mado extremely sovere, It will be
noted that oll control was poor from the start of the test, possibly
irndienting that the rings lad scuffed and foathered during run-in,
Vear of the ringe wvas also very high, The photographe of the ring
ecogenikly after testing shov that the rings wore scuffed, scored, and
foatlhored, Figure 17, concluded, also shows that tho top rings had
lost approcimtle terseion; this logs waa munifested by a loas in free
gap of the rings.
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Teste 2, 3, and 4 of tatle III ehow results of tests of the

i ¢ piston and ring essembly used in table II unior tho test conditions

of test 1 in table IIX as a cocmparative check, at these conditione,
| of nitrided-eteel and caet-iron rings. The run-in period of 1 hour

was still maintained at this high output., It will be noted that |
woight losses are low, consilering the extreme soverity of toet con-
' ditions, TFigures 19 and 19 are incluled to show the excellent con-
: dition of the piston and rings after those teste even though two of
{ the teete resulted in exhaust-valve fallures and mnuck of tke loose
valve-atcel particles paesod by the faces of tho rings ard Imbedded
themselves in the pileton skirt,

Tho last test lieted on table IIX was euccessful with respect
to woar and gererasl engino-porformance chmracterietics, 01l control,

— L —
x .

: however, was still rolativelr poor althoush the oil conswuption was “

P " cengtant, o condition that is rather unrsual in higheoutput tests of 5

! tiie duration, The large increase in oil consumption for stock rings 4 v >
is best shown in teat 1 ef table III. :

.

t.n."J §

i

: Bocause the previousl) described tests of the nitrided-etcel 4
rings indicated tlhat the oil rings (fiz, 3, low-unit-wall-presaure
oil rings, 39 1b/eq in,) were unsatisfactory on the basie of oil

- control, toets wore made with rings of lesser face width, 0,010
inch, and of diametral tensien tha wae ldentical with the original
rings. This decrecaee in foce width with the samo diametral tension 1 a

i resulted in an aporoximate initlal unit wall pressure of 78 pounds ol

2 por square inch, The tests indicated that theso rings decrcased Fi :

0il consumption at least 50 percent. Rings were accordingly pro=

cured that obtained a hish wnit wall pressure dy an incroase of

dismetral tension and a docreese in face width, It was preforred

to obtain the high unit wall pressure in this mannor rather than

by a large decreaso in face width 2lono, becausc a ring of large N

face width will have a lower percentage chango of face width for an

oqual amount of wear than a ring of emall face width,

et e PR

Final ppark-ignition-engine tests, - The final design of pitrided-
ateol 0il rings was one that had a free gap of approximately 17‘;- inchee
rather than the free gap of approximately 11—5 inches in the original

rirngs, A decrease in face width from 0,020 to 0.0l4 inch wao also

wmade at this time. Tho increase in freo-Joint opening resulted in

a chango of diamotral tension from 6.3 to 9,4 pourds. Corrospending

values of initial unit wall pregsure are 39 and £4 pounds por squuare

inch, 01l rings with botk low and aigh initial unit wall proassure

aro shown in figuro 8, ‘ﬁ {

9

Table IV ehown the results of two tosts with theao oil rings.
Test 31 from table IV can bo directly compared with test 19 of
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tarle ITI. Theas two teste firnish a direct compariason of perform-
arce witk oil rings of kigh and low initial uni% waull preassure, The
01l conswumptior decreescd from 0,022 pound per brake horsepover=hour
ir test 19 o 0.213 pound por trake lkorsepswor-hour in teat 31, In
both tosts the wear of the comprepsion rings and the cylinder barrels
wvag considored manll., 0il-ring wear was relatively high until the
rinzs had eseated themsolvos and apparentl; reaciied a stedlo condition
of rate of wear and oil control. In test 30, oil consumptior do-
creaped from 0,020 to 0.008 pound per irake horsepower-liovr, This
decrcase would apparenily correspond to tho seating period of the
ringo inesuuci as test 31 ahowed a constant o1l consumption of 0.013
pound per vrako Lorgopowsr=hour during tho entire test, Figure 20
siicws the photograph of thwe pisten and ring sesembly after test 31.
It will te noted tha% the top oil ring waa cold-stick and the second
compresslon rirg was tight at the gap. No ring sticking was apparent
in any of tho previous higl-output tests.

In all testa using oll rings of the high unit wall preasure,
the iritial wear was high, wilcia resulted in a falrly large in-
croaso in face widin,

Aftor satisfaoctory operation with respect to wear and lubricating-
011 consmption kad boen achlevod in nitrided-steol cylinderas, mingle- £
cylinder-engine testo of tro nitrided-ptesl rings in a porous chromiwum-
plated, straight-bore cylinder vere conducted. Tho rings from teot 31
(table IV) were installed &irectly in u porous chromlum-platod,
ptraigh®=-bore cylinder btarrel and vero operated for three tests accord-
ing to the oporating conditions indicated in tewts 1, 2, and 3 of
tatle V.,

Resulto were good with rospect to wear and oil control in each
of tleso throc tesrts, Fizures 21 ard 22 show the piston and ring 3
assently after tests in the chromi:m-plated barrel, |

In order to investisate tho reescn for succesoful performance of
the chromiuz-plated cylinder, porosity wap mcasured after test 3
(table V) in two locations. Souo replicas wore taken in ring travel
and othsrs wore taken in the secticn of crlindor alove ring travel.
loapurements in tho asoction of cylindor atove ring travel aro consid-
cred ropresentative of tlio porosit; bofore the tosis, Porosity range B 1: L]
abovo ring travel wap 50 Yo CF percont and in ring travel wae 30 to 40 :
percent, Flgures 23 and 24 slow typlcal plan-view phototicrographs at p
100 magnification of the chromlum~plated surfaco abovo and in ring
travel aftor tho teat. Surface roughness of the cylinler bofore the
tegt vas approximately 40 to <0 nicroinches, rms, Aficr the test, *
surface roughness mezasu-od 25 to 35 microinchom, me, Those moasuro- 5
monta of surface roughnoss of porous chromium-plated cylindera do ot
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represent actual surfase finisk on the caromiwm plateaus Ltecause

E the tracer point traveled through the poros or pits as well as
over the nlatcaus. More significance shonld thorefore Lo attached
to iho percontage porosity then to the swrface roughness.

Tuo sot of rings used in the tesis roported in tatle ¥ had com-
pleted 155 hours of test operatlion afier test 3. Figure 2T shows
the effect of running time on tuis particuler set of nitrided-steel
rings. The cirves of figure 25 indicate that the rings lad appar-
ortly remci.ed o constant rate of wear, This constert rnte of wear
is low, as can ‘e oouwputed Irom tho weight loss during the last three
testa, Wolgat loes in teat 3 was less than one quarter of 1 percent
of the initial weigit of the rirg.

It would appear from the results of tliese tests that tlie most
eatisfactory corbization of rings and cylinders might be that of tho
nitrided-gtecl rings in the poicuz chrcnium-nleted cylinder tarrels,
This agsembly slould result, after soating znd couplote caspatibility
of the ruvbing surfaces hes been atiained, In a very stable ausembly
with respect to toth rate of woar ard oil control. Dust testa of
this assembly should be run, however, before a final reccumendaticn
can be made.

Resiilts of tho single-cylindor-erngine dust tests showed that the
nitrided-stcel ring asscmbly in nitridod-steel cylinders resulted in
accepsatle oll control through the fourth dust cyole (fig. 26). The
01l cornsurption aftor the f£Ifth dust cyclo was epproxizately that
obtained by tho stock cast-iron ringes aftor tlhe firat dunat cycle.

The test of the cant-iron.ring assembly was discontinued after the
firet dvat cycle hecause tlo slope of tho oll-consumption curve inli-
cated that the assenbly was weering out rather than seating in, ard
congequeritly no bettor oil control than that aftor the firat duat
c-cle (which was uncccepiablo at the conditions of thia tost) couvld
bo orpected, Tho wear curves in figure 2€ ohow that oil control was
satiafactory as long a3 tie rate of wenr of the rings wma constant,

Somo rcsulta of otlher tests of singlo-cylindor engincs inder
dust injoction have boon reported by the W ight Aeromautical Corpore
ation, Thoso tosts showod that tho nltridcd-steel rings are much
botter on the besis of oil control than the conventional cast-ircn,
tape:r-faced ring assembly., Year of tho nitrided-stosl rings in
tliose tosts, howsvor, waas reported to be not much less than wear of
eagt-iron rings, but wear of the cylindor barrols tosted with
nitrided-atecl rings was very slight.
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Surface finistoa, - Surfacoe finishes of 2 to 8 microlnclhea, rms,
on the face of ths nitrided-atoel rings were investigated in prolimi-
nary tesis and tie final result wes e ring finished by koning on tie
face or outsile dismster to 5 to 8 microinches, rma,

It was found that for nitrided-stocl cylinders a cross-hatch-
hored firisch of 4 to 6 microinches, rus, was suitable for vse with
the nitrided-gteel ring essembly after a numbor of teats covoring
e range of surfaco finighes In the cylindor barrel of 1 to 6 micro-
inches, rms,

Surface finish on the sides of the rirgs end on tho pilston-ring : 2
lands wos set at § microinches, rmg, in the belief that this finish o~
(¢ microin,, ms) would be adoquntely mmooth to provent ring stick- .

ing. No tests were medo with th!s finish es & variasble, kowever,
becauge very few cf the tests on the nitrided-steel ring =sssembly J
showed any slgne of ring sticking, e

Multicylinder-Engine Tests

The mnlticylinder-engine test porformed by tho Burean of Aero- . s §
nevtics on & Wright R-1820-40 engino at take-off pover and speed of
the criginal, tiin, nitrided-stoel rinz assembly with oil rings of
lov unit wall pressure was termuinated becauvse of failure of tho master-
rod tearing efier approximately 30 hours st take-off powor, REesults
of this tost were good with respect to wear in spiie of a complete
boaring feilvre that coverod all rubding surfeces with dbearing matorial
and contaminated the lubrlcating oll. The oil control in this test,
however, was reletively poor {aspecific oil cons:mption, 0.030 1b per
bhp-hr), The trend of oil consuzption decreased throughout the test,

Additionel nmulticylinder-engine tests wore made by the Navy
Departmont cn the nitridod-steel ring ssscmbly with the oil ring
of high un!it wall presswre after tie NACA single-cylinder-onginoe
tests kad ghown thia asaexbly to be acceptable with respsct to oil
control. These single-cylindor-cngine tests have been previouvsly
deserited and discussed,

il

A 150-hour type tost according to specification AN-9502b wosg
porformed by the Navy Department and resulted in good performance with I:
regard to wee:r and ofl coittrol., Specific oil consumption at rormal - .
roted power and apeed (1000 kp at 2300 ron) decrensed from approximately
0.013 to 0,010 pound per brake horsopower-hour aftor approximately
40 hours of the ondwrance run had been completed (fig. 27). Avcrage : N
specific oll consumption at normal roted powsr and speed Curing the
rogt of the endurance teat averaged 0.01.0 peund per brake horsepower=
hour., Ths rings showed no tendency toward stickirg., No ring breakesge

.
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wap encontored even though ovorspesd divo tosts were run ot 3100 rpm,
The gereral operating charactoristics were normal, Specific oll con-
smption at rormal ratod power and speod after the overspsod divos was
0.007 pound por brake horsepowor-hour. The apecificeoil-consumption
check cowpleted the typo test. The value of 0.007 pound per brake
liorsepower-hour is cornsilderod satisfactory even though it is highor
than is usually obtalned with ths stendard casteiron ring sssecrmvly
undor these corditions. |

Tho oil flowr (toial and power section) was accldontally more
than 45 porcent abovo the prescrited maximum for most of tho test,
and testes on this engine sliowed that docrcvasing the total oil flow
(at normal re*cd power and speed) 22 porcern® docresred tie specific
01l conamwmption 13 percent, The 22-psrcont decrease in rate of oll
flcw reagulted in a rate of flow 18 porcent lLighor than the recoumended
maximem. It ig posuiblo tlat normal oll flow would have resulted
in 8ti1ll lower spozific oll conmmption,

Multicylindsr-ongine flight teete of nitrided-stecl rings zo-
sombled in both nitr-idodentesl and ckromium-plated cylindcre as
psrformed by the Army Alr Forces, Materiel Command, rosulted in geod
porformanrce of tiho ringe in toth types of cylinder with reepoct to
wear and oll centrol. All rings woie freo after theso testsz, Wear
vas low, corsidening sevority of test conditions ard amount of opora-
tion in dusty atmosplieres., The total oporating *imo of 143 howrs
resultod in more sovoro operation then this amount of timo normnlly
roprosonts because a large numbeor of take-cffs (197) wero included.
Condition of the rubting surfaces was congidercd excellent in all
throo cnginos tosted. The condition of tis plstons, especlally the
skirts, was vory good and tho acceptatle o0il control proved that no
bottom ring in nococsary in this pilston design.

Rogults of the multicylirder-engirs duvat tests conducted by
tie Burean of Aeronautica indicated that the nitriled-eteol ring
aspcmblies were very succesaful with respect to sil control (flg. 28).
Weaz and spocific o1l consumption started to tecomo cxezesive cnly
aftor an approcistls number of dust cyclos, The top compresgion
ring in most of the cylindors was cxccesively worn before any great
offect on o0il consurption was ovidont. {he slope of the oil-
consumption curve was not very proat even at the erd of tho sovonth
dust cycle,

Flgurea 29 ond 50 show tho trond of oil consumption for standard
platon asvemtlics of caeteiren rings. Both curvaa shiow that olil con-
sumption ircreasod vory rapidly dwing the first two duast cyclea and
Yocame oxceasive aftor the {irst cycle. It can Yo scen that this
rapié increase is tric in botk porous chramium-platod cylinders and
in nitridod-steol cylindora,.
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When figure 28 1s cogpared with figures 29 and 30, it is appar-
ert that the nitrided-steel rings shouid provide acceptable oll con-
420l for much longer periods of time than tlio cast-iron rings, ince-
uuch ag tie oil-congumption cwrve for nitrided-steel rings shows a
nich more gradua) increase than the curve of the cast-iron rings.
Although 1%t is true that no quantitative comparisons should te made
of figwes 28, 29, and 30 tecause the dust cycles are somowhat dif=-
forent, it 1s telieved tlat the indicated tronds in the three teats
can be used on & comparative tasis,

COLCLUDLIG REMARKS

The nitrided-steel ring assembly undor dust conditions 1s more
succeasful on the basis of oil control then the cast-iron, taper-
facod ring aassemdly because a large part of the oll-control function
is performed by the oil rings and little oll control 1is required
from the compression rings., Wear on the compression rings, conse-
greritly, has little effect on oil control,

From the results of the tests reported, furthoer investigation
of the combination of nitridod-steel rings in porous chromium-plated
cylinders should te made because tnls comtination offcrs attractive
poosibilities for use., The oo of worn cylinders tha% have been
reclaimed Dy porous chromium plating 1s attractive from the salvage
viewpoint, and any ring aseembly taat can be successfully operated
in these cylinders should be completely eongine-tested, Those engine
tosts should include dust tegts to check abrasion resistance,

SU4ARY OF RESULTS

Based on the test dnta of the single-cylinder and multicylinder
onglnes, the following results were obtained:

1. Performance characteristics of tlie nitrided-steel ring
ansemtly of final design were excellent with raspect to wear and
elrasion resistance,

2. The-condition of the rubbing surfaces of nitrided-gteel
rings and chromiume-plated cylinders indicated that these surfaces
vore compatible with each other,

3. Tiie nitrided-stcel rinz asgsembly of finel design resulted
in average spocific oil consumptions of 0,013 and 0,011 pound per
brake horsepover=hour at a btrake mean effective pressure of 250
pornds per square inch and an engino speed of 2500 rpm in the
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single-crlinder engine. Tie aversge specific cil cersuzption in the
Wright R=-1820-40 ergire was 0,010 pownd per brako horsopower-hour at
normal rated power and speed (1000 hp at 2200 rpa). In all cazca,
the trend of oil conewnption wes constant or decreasing.

4. Under dust-test conditions, acceptable oil control cen be
obtained throe to four timea longer vith the nitrided-stoel ring
assembly than with the stock cast-iren rin-s,

Reaultant wear of the cylinder barrels wes exceptionally

Je

1o,

5. Excellent resistance to ring breakape, at iti:e severe
crorgpced-dive condition of 3100 rpm, on a Wright R-1820-40 ergine,
was exkibited by tlo nitrided-steel ring assembly.

7. The use of a ghorter run-in time (1 ir) was found to te
poesgible with the nitrided-steevl ring assemtly,

CORCLUSION

Basod on tho test data cof the sirgle-cylindsr and multicylinder
ongines, the following conclusion may be drawn

The nitrided-steol »ing assembly in eitrkor nitrided-gtecl or
porovs caromium-plated cylinde:s ahould be very desirable for uso
in high-output aircraft engines.

Alrcraft Engine Research Laboratory,
National Advimory Committeo for Aeromautics,

Cleveland, Ohio.
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ston-rink material
O Cast iron

+ Alloy cast iron
x High-speed steel

O Nitrided steel

—

Diametral temsionm, 1b

400 600 800
Temperature, °F

Figure 5.- Effect of piatan-ring‘ temperature on diametral tension.
(Ringe held 10 min at each temperuture.)
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Piston-ring material
O Cast iron

+ Alloy cast iron
x High-speed steel
O Nitrided steel
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Diametral tension, 1b
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i |

400 600 800 1000
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Figure 6.~ Effect of piston-ring tempeoraturc on diametral tension.
(Rings hold 6 to 8 hr at each temperature,.)
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Figure 7.- Effect of piston-ring temperature on diametrai tension.
(Rings held 1 hr at each temperature.)
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Figure 80.- Piston assembly after bigh-output tests. High-
tension oil rings.
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Figure 31.- Piston assembly after tests in porous chromium-plated

barrels,
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C- 15946

Figure 23.- Plan view of porous chromium-plated cylinder above
ring travel; after test. Porosity 52 percent. X100
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Fig. 24

NACA ARR No. 4D23

Plan vaew of rous chromium-plated cylinder in ri
4 p40 percent. X100. £

Figure 34.-
travel, after test. Porosity,
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Figure 29.- Effect of dust on oil control. Stock cast-iron rings in po-
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Data from Bureau of Aeronautics, Aircraft Engine laboratory.
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